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Abstract 
Inland excess water (IEW) is a type of flood where large flat inland areas are covered with water during a period of several weeks to 
months. The monitoring of these floods is needed to understand the extent and direction of development of the inundations and to 
mitigate their damage to the agricultural sector and build up infrastructure. Since IEW affects large areas, remote sensing data and 
methods are promising technologies to map these floods. This study presents the first results of a system that can monitor inland excess 
water over a large area with sufficient detail at a high interval and in a timely matter. The methodology is developed in such a way that 
only freely available satellite imagery is required and a map with known water bodies is needed to train the method to identify 
inundations. Minimal human interference is needed to generate the IEW maps. We will present a method describing three parallel 
workflows, each generating separate maps. The maps are combined to one weekly IEW map. At this moment, the method is capable 
of generating IEW maps for a region of over 8000 km2, but it will be extended to cover the whole Great Hungarian Plain, and in the 
future, it can be extended to any area where a training water map can be created. 
Keywords: inland excess water, Sentinel 1, Sentinel 2, monitoring, flood, water management 
INTRODUCTION 
Temporary inundations of large parts of the flat areas on 
the Great Hungarian Plain cause serious financial, 
environmental and social problems. On the contrary to 
riverine and coastal floods, these floods occur when – due 
to limited runoff, infiltration and evaporation – the 
superfluous water remains on the surface, or at places 
where groundwater – flowing towards lower areas – 
appears on the surface by leakage through porous soil. In 
literature, the inundations are often identified as inland 
excess water (IEW), surface ponding, areal flood or 
surface water flood (Rakonczai et al., 2011; Szatmári and 
van Leeuwen, 2013). Three main reasons can be identified 
to study IEW. It is studied to (1) understand the 
interrelated factors and processes that cause the formation 
of inland excess water, (2) to determine the location and 
size of the inundations to be able to take operative 
measurements to mitigate and prevent further damage, 
and (3) to forecast the location, size and duration of future 
floods to develop preventive policies (van Leeuwen et al., 
2016). 
Four general approaches have been applied to study 
the development, extent and duration of IEW inundations. 
First, in Hungary, since the second half of the 20th 
century, at national scale the extent of IEW was measured 
by observations in the field. These observations are labour 
intensive and therefore expensive. They are error prone 
due to differences in observation and interpretation 
techniques and they are usually performed infrequently, 
so they give an overview of the maximum extent of the 
flood, but it is not possible to use them for monitoring 
purposes. The second approach uses geographic 
information systems to combine many factors related to the 
development of IEW, to create maps describing the 
vulnerability of areas to the inundations. These maps are 
normally made at regional scale, which is the scale of most 
of the input data (Pálfai, 2003; Bozán et al., 2005; Bozán et 
al., 2009; Pásztor et al., 2014). Vulnerability maps provide 
information on the general probability that somewhere 
IEW will occur, but do not give information about the 
actual occurrences, nor about the development of the 
phenomenon. The third approach is the application of 
complex distributed models to simulate the hydrological 
processes causing IEW. Since this technique requires large 
amounts of very detailed input data, it is only feasible to use 
it at a small area. Depending on the quality of the input data, 
the technique can provide accurate information on the 
occurrence, extent and progress of IEW. It may also be able 
to forecast where IEW may occur (van Leeuwen et al., 
2016). The last approach to the problem of IEW is the use 
of remote sensing data. In the past 30 years, studies have 
been published using aerial photographs (Licskó et al., 
1987; Rakonczai et al., 2001; van Leeuwen et al., 2012), 
multispectral satellite data (Csornai et al., 2000; Rakonczai 
et al., 2001; Mucsi and Henits, 2010) and hyperspectral 
data (Csendes and Mucsi, 2016). Also, some experiments 
have been executed using active satellite data (Csornai et 
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al., 2000; Csekő, 2003; Gálya et al., 2016). The use of 
remote sensing techniques allows for the acquisition of data 
of medium (aerial photographs) to large areas (satellite 
data). Well understood processing techniques like 
classification and segmentation allow for the standardized 
processing of data and provide unified results over large 
areas. Common disadvantages of satellite data are their low 
temporal resolution and the limited availability of 
multispectral data due to bad atmospheric circumstances. 
Also, the resolution of non-commercial data was 
sometimes not suitable for IEW studies.  
In 2014, as part of its Copernicus program, ESA 
started to launch the first satellites in its Sentinel Earth 
observation constellation (Malenovský et al., 2012). The 
data from the satellites is made publicly available free of 
charge and without restriction of use. With the formation 
of the Sentinel satellite constellations, to a large extent, 
the earlier disadvantages of satellite data can be 
overcome. For IEW monitoring, two types of satellites in 
the constellation are suitable. First, the Sentinel 1A and 
1B satellites provide active remote sensing data with 
medium spatial resolution and a high temporal frequency. 
The active data is available under most weather 
conditions, and is therefore very suited for inland excess 
water monitoring. Second, Sentinel 2A and 2B provide 
multispectral data with a similarly high temporal and 
spatial resolution. 
Contrary to earlier approaches, in this research, we 
developed a workflow that is capable of monitoring inland 
excess water on a weekly basis with sufficiently high 
resolution. The aim of the workflow is to produce IEW 
maps, that provide information on the location and extent 
of IEW for operational purposes, so operative measures 
can be initiated to mitigate and prevent further damage. 
The input data consists of a combination of Sentinel 1 
radar images and Sentinel 2 or Landsat 8 multispectral 
images, complemented with a set of vector files providing 
a priori information about permanent water and other 
areas where inland excess water does not occur. All data 
is independently processed and combined at the end of the 
workflow to produce an integrated IEW map. For each 
IEW maintenance area, the relative coverage by inland 
excess water is calculated. 
Many scientific publications have focused on causes 
of IEW, like soil characteristics (Barta, 2013; Gál and 
Farsang, 2013), land use (Barta et al., 2016), 
geomorphology (Benyhe and Kiss, 2012), or how they 
interrelate (e.g. Kozák, 2006; Rakonczai et al., 2011; 
Pásztor et al., 2014). Our approach concentrates on the 
continuous mapping of IEW for monitoring purposes and 
therefore factors related to the development of IEW are 
not taken into consideration. 
STUDY AREA AND DATA 
Study area 
Due to its natural characteristics, inland excess water 
often occurs on the Great Hungarian Plain. Because of 
its low relief intensity combined with intensive or long  
 
periods of rainfall, mainly at the end of the winter, water 
does not run off to larger rivers nor infiltrates at a rate 
high enough to prevent it from remaining on the surface 
(Rakonczai et al. 2011). The southern region of the Great 
Hungarian Plain is maintained by the Lower-Tisza 
District Water Directorate and was selected as study area 
for this research (Fig. 1). It has a total area of almost 
8200 km2. The region is crossed by the Tisza and Maros 
rivers. Relief is limited to several meters of height 
difference and the lowest elevation in Hungary can also 
be found here. Based on its soil characteristics, the area 
can be divided in two parts; the western part has sandy 
soils, while the eastern part is covered with clay. The 
west is mildly sensitive to IEW according to the Palfai 
IEW Vulnerability map, while the east is moderately 
sensitive. Several disconnected areas are defined as 
highly vulnerable (Pálfai, 2003). The long-term average 
size of the area covered by the inundations in the study 
region is 10 800 ha per year. The largest area covered 
with IEW in recent times was 108 050 hectares in 
January 2000. The area is mainly agricultural, but there 
are also villages and some larger cities. The railroad and 
two highways have considerable influence on the 
development of inland excess water in the region (Barta 
et al., 2016). 
Each of the used data sets covers the study area with 
one complete image or tile. The 175th ascending orbit of 
Sentinel 1 completely covers the area. Apart from a small 
strip in the west, the 34TDS Sentinel 2 tile covers the area, 
and the Landsat 8 WRS 187/28 covers the area except for 
a small area in the north. In this case study, the focus was 
to develop a method to generate inundation maps based 
on the individual images from different sources, therefore 
only the intersection of the footprints of the three satellite 
images was used to define the study area for this case 
study. This circumvents problems with mosaicking data 
of different acquisition times and sources. 
 
 
Fig. 1 The study area on the south part of the Great Hungarian 
Plain, showing the footprints of Sentinel 2 and Landsat 8 
satellite imagery. Sentinel 1 covers the whole study area. 
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Data 
Sentinel 1 
The radar based part of the workflow uses data from the 
Sentinel 1A end Sentinel 1B satellites. The two satellites 
form a constellation that provides an image of the same 
area of Hungary about every third day, using identical 
instruments. Hungary is covered by 4 ascending and 4 
descending paths (Fig. 2). In the presented workflow, we 
are using the Level-1 Ground Range Detected (GRD) 
product, that consists of focused SAR data that has been 
detected, multi-looked and projected to ground range 
using an Earth ellipsoid model. The phase information is 
lost. The product has approximately square resolution 
pixels and square pixel spacing with reduced speckle at 
the cost of reduced geometric resolution. Data was 
collected in the so-called Interferometric Wide (IW) 
swath mode and has a 250 km swath width and a pixel 
spacing of 10 x 10 meter (Malenovský et al., 2012). The 
data product comes with VV and VH polarization, which 
are both used in the workflow. Different objects in the 
terrain have different polarisation properties, therefor 
dual polarization images provide better options for 
object extraction. Sentinel 1 GRD IW data was used 
because it does not require further preprocessing, while 
it contains enough information to retrieve open water. 
The acquisition date of the analysed example image is 
16 March 2016. 
 
Fig. 2 Sentinel 1 paths covering Hungary 
Sentinel 2 
The ESA Copernicus program contains of two 
multispectral imaging satellites: Sentinel 2A and Sentinel 
2B. At least once every 5 days, they provide high-
resolution optical data in the visual, near infrared (NIR) 
and shortwave (SW) infrared spectral range for earth 
observation. Level 1C data products are tiled in 100x100 
km tiles with 10 km overlap (Fig. 3) and store top-of-
atmosphere reflectance values with UTM projection. 
Hungary is covered by 17 tiles in total. The applied visual 
and NIR bands have 10 meter spatial resolution, while the 
SW infrared bands have 20 meter spatial resolution. Data 
can be downloaded from Copernicus Open Access Hub in 
SAFE data package format. A cloud mask comes as 
metadata layer with every dataset. The study area is 
covered by the 34TDS tile. The acquisition date of the 
analysed example image is 21 March 2016. 
 
Fig. 3 Sentinel 2 tiles covering Hungary 
Landsat 
The Landsat OLI multispectral instrument acquires data 
in 9 spectral band between 0.43–2.4 µm with a temporal 
interval of 16 days. The 185x185 km images (Fig. 4) can 
be downloaded free of charge within 24 hours after their 
acquisition. The Landsat Surface Reflectance High Level 
Data Product “Surface Reflectance” L8SR data product 
provides 30 meter atmospherically corrected surface 
reflectance values for the first 7 spectral bands (USGS 
2017). The data product also comes with a cloud mask 
identifying areas in the image that are not suitable for 
processing. The acquisition date of the analysed example 
image is 17 March 2016. 
 
Fig. 4 Landsat 8 WRS paths covering Hungary 
Auxiliary data 
The active and passive remote sensing based workflows 
require a layer identifying open water. This file is 
necessary for the determination of the spectral thresholds 
and as training areas for the classification. Open water 
was extracted from the CORINE land cover 1:50 000 and 
1:100 000 databases and the 20 meter Pan-European High 
Resolution Layers permanent water bodies maps 
(Copernicus HRL) (Büttner et al., 2014) and are stored in 
a vector layer. The open water file was updated by 
visually inspecting and editing differences using GeoEye 
imagery from 2014 - 2015 with a spatial resolution 
between 0.41 and 1.65 meter available in Google Earth. 
In this way, vegetation along the river banks, shadows and 
infrastructure in the water were removed from the open 
water layer. 
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Furthermore, urban areas, rural anthropogenic 
surfaces, paved roads and railroads were extracted from 
the CORINE databases and OpenStreetMap (OSM). 
These objects were stored in a mask layer, identifying 
areas that were excluded from the inland excess water 
calculations. The mask layer was further expanded with 
natural or man-made water bodies and wetlands. The 
floodplain between levees was also included in the mask.  
The areas defined as cloud or cloud shadow in the 
Sentinel 2 and Landsat 8 cloud masks were not taken into 
considerations during the IEW calculations. 
METHODS 
The method proposed in this research is divided in 
workflows based on the type of input data. The active 
satellite data is used in a process where a threshold is 
defined to separate pixels with water and without water. 
The passive data sets are processed in two different ways. 
The first way uses unsupervised classification combined 
with an automatic method to select the water classes from 
the classification results. The second way is the calculation 
of a water index based on the ratios of bands. The following 
section describes each processing method in detail. 
Downloading satellite data 
All satellite data used in the workflow can be downloaded 
without restrictions and without charge. The Sentinel 1 
and Sentinel 2 datasets can be downloaded manually from 
Copernicus Open Access Hub or in an automated way 
from API Hub using OpenSearch API and OpenData API. 
The downloaded product level is Level 1 GRD for 
Sentinel 1 and Level 1C for Sentinel 2 satellites. Raw 
Landsat 8 data can be downloaded from the USGS. To 
acquire Landsat surface reflectance data an on-demand 
request is required. This takes several days and may not 
always be suitable for operational purposes. 
Preprocessing of satellite data and extraction of water 
surfaces 
Radar data 
A disadvantage of radar data is the complex geometric and 
radiometric processing required to extract useful 
information from the images. To start the extraction of the 
waterbodies, the Sentinel 1 data first needs to be 
radiometrically calibrated, a speckle filter needs to be 
applied to reduce the noise in the image, then the 
deformations due to the side looking geometry of the 
sensor and the terrain must be corrected, and finally a 
correction of the local incidence angle needs to be applied. 
After these initial steps, the data is geometrically and 
radiometrically corrected and transformed to a geometry 
that can be combined with the other data sets. The unit of 
the processed data is decibel (db). 
In a geographic information system, the next steps 
are executed. First, the vector mask indicating the known 
open water is used to extract the statistics of water from 
the VV and VH radar images. The two sets of statistics 
are then used to extract similar pixels in the images, using 
a threshold method. The threshold method simply extracts 
pixels below a certain value (the maximum value in the 
reference statistics), presuming that the radar response of 
water is considerably lower than the response of other 
pixels. Some correction must be applied due to the 
statistics of outliers (which remained after the speckle 
filtering). In the final step of the radar processing 
workflow, those areas that are known as permanent water 
bodies or other none IEW areas are extracted from the 
map. The final map is a binary map with two classes: 
inland excess water inundations and other land cover. 
Optical data 
The downloaded Sentinel 2 and Landsat 8 datasets must 
be preprocessed before the interpretation of surface water 
patches is possible. The preprocessing workflow for 
optical data includes atmospheric correction which 
provides surface reflectance values; resampling of bands 
with a different pixel size to a common resolution; and 
spatial and spectral subsetting of the dataset to the study 
area and to the required spectral bands. To mask unusable 
areas covered by clouds or their shadow, auxiliary 
datasets have to be processed. 
Unsupervised classification and class selection on optical 
data 
The result of the applied classification algorithm must be 
evaluated using statistical methods to select the classes 
representing inundations. For this purpose, reference 
statistics must be created from training areas permanently 
or temporally covered by water. From the average of the 
reflectance values of the training pixels in each spectral 
band, a reference spectrum can be defined. After getting 
the reference spectra, the whole preprocessed image is 
classified. To support operative decisions an unsupervised 
clustering algorithm was selected to create a classified 
raster map and a signature file. The latter contains the 
statistical parameters - like minimum, maximum, mean, 
standard deviation in each band, and covariance matrix - 
of each cluster. In the last step, the spectral similarity 
between the reference class defined by the training areas 
and the individual clusters is evaluated. There are many 
different statistical methods to calculate spectral similarity 
or spectral separability between cluster of pixels in the n-
D spectral space. Some of them, like for example 
Euclidean Distance use only the class mean values to 
measure n-D distances. Advanced calculations, like 
Divergence, Transformed Divergence and Jeffries-
Matusita Distance (Swain and Davis, 1978), 
Bhattacharyya Distance (B-distance) (Jensen, 1986) use 
the covariance matrix beside the mean vector. In this 
research, the class similarity to the reference is calculated 
by the n-D Spectral Angle Difference method, which is not 
affected by the solar illumination factor and requires only 
the class means (Kruse et al., 1993). The result classes are 
rated based on this difference: a smaller angle means 
higher similarity and vice versa. Classes with the lowest 
spectral angle differences represent permanent water or 
inundations. 
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Spectral indices 
In the infrared part of the electromagnetic spectrum, water 
is absorbed in the SWIR band, while reflected in the 
visible range. The Modified Normalized Differential 
Water Index (MNDWI, Xu 2005) uses the green and 
shortwave infrared bands from Sentinel 2 and Landsat 8 
to extract open water according to the following 
expression:  
MNDWI = 
𝜌𝑔𝑟𝑒𝑒𝑛−𝜌𝑆𝑊𝐼𝑅
𝜌𝑔𝑟𝑒𝑒𝑛+𝜌𝑆𝑊𝐼𝑅
 (Eq. 1) 
where ρgreen is band 3 for Sentinel 2 and Landsat 8 and 
ρSWIR is band 11 for Sentinel 2 and band 6 for Landsat 8 
If the water content decreases, the reflectance in SWIR 
increases, resulting in a reduced value of the MNDWI index. 
Based on the MNDWI values calculated from the permanent 
open water zones in the open water mask, empirically 
threshold values were defined for the two indicators:  
MNDWI (L8) >= -0,25 and MNDWI (S2) >= -0,35 
Using these thresholds, a binary map was derived with 
two classes: inland excess water inundations and other 
land cover. 
Integration  
The maps that are created based on different input data 
and using different processing methods need to be 
integrated to one inland excess water map. For this case 
study, only images that cover the same area have been 
used. In the operative situation, this is not realistic since 
one satellite image does not cover the complete Great 
Hungarian Plain, and neighbouring images are collected 
on different dates. This results in a complex situation 
where output maps from different sources and different 
acquisition dates will need to be mosaiced. 
RESULTS  
In 2016, no exceptionally large amount of inland excess 
water occurred, but from half of February until half of 
March, some IEW developed in the study area. Using the 
described method IEW maps were created for this period 
(week 6 - week 11, 6 February - 18 March). As an 
example, figures 5 and 6 show the results for week 11 (13 
– 19 March). In this week, all three sources of satellite 
data, Sentinel 1, Sentinel 2 and Landsat 8 were available. 
Figure 5 shows the results of the active data processing 
workflow, the unsupervised classification and the index 
based IEW identifications. Obviously, every method 
provides slightly different results. The largest difference 
is visible in the southeast quadrant where clouds and cloud 
shadows disturb the unsupervised classification result. 
When the three workflows are combined, one IEW 
map is created. The different input maps are weighted to 
define the areas with the highest confidence that IEW indeed 
occurred at the indicated pixels. Figure 6 shows only those 
areas where inundations were identified using all three 
methods. Using data from 3 different sources (Sentinel 1, 
Sentinel 2 and Landsat 8) and using three different 
processing techniques (thresholding, unsupervised 
classification and indexing) results in maximum 5 separate 
IEW maps. If all 5 maps indicate IEW for a certain pixel, the 
change that IEW was indeed happening at that pixel is larger 
than when only one method identified IEW at that particular 
pixel. Combining the different maps and counting the 
amount of positive IEW identifications gives an indication 
for the confidence of IEW.  
 
Fig. 6 The integrated inland excess water map based on three 
different sources/methods for week 11, 2016. Blue indicates 
water surface 
 
Fig. 5 Sentinel 2 false colour composite (RGB 843) covered with the results of the three separate processing workflows 
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Based on the combined IEW maps, thematic maps 
are created indicating the area and ratio of IEW per IEW 
maintenance areas (Fig. 7). In operational circumstances, 
these maps can be used to determine spatial distribution 
of the severity of IEW throughout the region. 
DISCUSSION 
The presented method consists of three different 
workflows. Each workflow is aimed to create separate 
inland excess water maps based on procedures that can be 
used in an operational environment. Since the workflow 
has to be executed within a few days of the acquisition of 
the data, sometimes the proposed methods are a 
compromise between speed and accuracy. Deliberately, 
methods are developed that can be automated, so human 
influence is reduced to a minimum. This also means that 
there is no possibility for fine tuning of the method to 
specific situations. This may reduce the accuracy of the 
method. 
The threshold method applied to the active data is 
a relatively simple method, that is easy to automate. In 
operative circumstances it provides reasonable results, 
but other techniques might be more suitable when 
performing detailed IEW studies at local scales. The 
speckle filtering is only based on a single image; 
therefore, it is not perfect and leaves unwanted spikes 
in the data which reduce the quality of the extracted 
statistics. Improvements in the speckle filtering should 
be investigated to improve the method. Another 
promising method is radar based change detection. This 
method might be useful to identify false positives 
resulting from the threshold method. 
Inland excess water normally occurs during periods 
of bad weather and clouds. Our method uses 
multispectral satellite data to complement the active 
data, but the use of the multispectral data is often 
hampered due to clouds. Using a cloud mask allows us 
to use those parts of the multispectral data that are not 
covered by clouds. In the current method, standard cloud 
masks are used that come with the data products. These 
masks sometimes do not incorporate all clouds in the 
images and therefore sometimes lead to 
misclassifications. Improvements of the cloud mask can 
improve the multispectral data based inundation maps.  
The result of earlier IEW research is often a single 
map that contains 4 classes: dry land, open water, 
saturated soil and vegetation in water. The presented 
workflow ignores the last two categories and therefore 
probably underestimates the total amount of inland excess 
water in the region. The determination of the last two 
categories requires additional data, which changes rapidly 
in space and time, and this makes it difficult, if not 
impossible to incorporate them in an automated operative 
environment, that produces timely, weekly inundation 
maps for large areas. 
The intersection of the three data sources was used 
to determine the study area for this case study. Of course, 
in operational circumstances the complete Great 
Hungarian Plain needs to be used in the calculations. This 
increases the complexity of the method.  
The method could be enhanced using other a priori 
data sets. The sandy soils show an overestimate of IEW 
inundations. This problem was reduced by applying a 
different threshold to the radar data, based on the soil type. 
Also, other errors or inconsistencies could be reduced by 
adding information on e.g. land cover or soil type and by 
building up a database of landcover dependent threshold 
values.  
The proposed method can generate timely IEW 
maps for large areas. Independent cross validation of 
these maps is difficult because they cover large areas and 
other reliable data is not available. Visual inspection of 
the results using high resolution imagery of small areas 
indicate that the method identifies inundations at the 
proper locations. A larger validation campaign based on 
high resolution aerial photographs of large areas is needed 
and planned.  
CONCLUSION 
Earlier approaches to mapping inland excess water were 
based on field measurements or aerial or satellite remote 
sensing data for a specific date. We present a method that 
 
Fig. 7 Result maps showing the absolute (in hectare within the area) and relative (as percentage of the area) distribution of inland 
excess water per maintenance area in the Lower-Tisza District Water Directorate region 
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is capable of continuously identifying inland excess water 
over large areas for operative purposes. It shows that 
combining the most recent active and passive data sources 
that are available at a very high temporal resolution 
provide new opportunities and challenges. The presented 
method provides maps that can be used by the Hungarian 
water directorates to mitigate damage caused by inland 
excess water, but there are still quite some problems and 
possibilities for improvements. More scientific research is 
needed to improve the determination of the threshold for 
the active data processing workflow and to reduce the 
number of false positives. Also cloud masking of the 
multispectral data can be improved to better select data 
suitable for processing. Finally, methods for mosaicking 
the different data from different acquisition dates within 
the operational workflow need to be developed.  
ESA’s Sentinel satellites will continue to provide 
base data to derive IEW maps, which allow for the 
development of a monitoring database. This database can 
be used to calculate frequency maps which indicate the 
vulnerability of an area to inland excess water.   
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